[1] One of the major goals of the 2005 Antarctic Tropospheric Chemistry Investigation (ANTCI) was to bridge the information gap between current knowledge of South Pole (SP) chemistry and that of the plateau. The former has been extensively studied, but its geographical position on the edge of the plateau makes extrapolating these findings across the plateau problematic. The airborne observations reported here demonstrate that, as at SP, elevated levels of nitric oxide (NO) are a common summertime feature of the plateau. As in earlier studies, planetary boundary layer (PBL) variations were a contributing factor leading to NO fluctuations. Thus, extensive use was made of in situ measurements and models to characterize PBL depths along each flight path and over broader areas of the plateau. Consistent with earlier SP studies that revealed photolysis of nitrate in surface snow as the source of NO x , large vertical gradients in NO were observed over most plateau areas sampled. Similar gradients were also found for the nitrogen species HNO 3 and HO 2 NO 2 and for O 3 . Thus, a common meteorological-chemical feature found was shallow PBLs associated with nitrogen species concentrations that exceeded free tropospheric levels. Collectively, these new results greatly extend the geographical sampling footprint defined by earlier SP studies. In particular, they suggest that previous assessments of the plateau as simply a chemical depository need updating. Although the evidence supporting this position comes in many forms, the fact that net photochemical production of ozone occurs during summer months over extensive areas of the plateau is pivotal.
Introduction
[2] There has been growing evidence over the last decade that polar regions can display very diverse chemistry during the summer months. This is particularly true as it relates to the chemistry occurring in surface snow [e.g., Domine and Shepson, 2002; Grannas et al., 2007, and references therein] . Furthermore, it is now apparent that this snow chemistry can play a major role in ultimately defining the chemistry of the overlying atmosphere in polar regions. Levels of environmentally important species such as ozone and mercury are frequently found to be linked to this newly recognized chemistry. Additionally, studies have revealed that the nearsurface atmosphere at some of the most remote polar sites in the world (e.g., South Pole (SP), Antarctica) undergo extraordinary shifts in the levels of critical oxidizing species such as the hydroxyl radical (OH) Mauldin et al., 2001 Mauldin et al., , 2004 Wang et al., 2008] .
[3] These new findings also appear to be of considerable significance in understanding the planet's climate history. For example, one of the richest sources of global climate information is the polar ice of Antarctica [Legrand and Delmas, 1987; Legrand and Feniet-Saigne, 1991] . Since this information is mostly contained in the form of chemical proxy species, interpretation typically requires a detailed understanding of the sources, sinks, and transport of these same species in today's atmosphere. Efforts to date to interpret the proxy chemical family labeled reactive nitrogen have resulted in minimal success [Legrand and Kirchner, 1990; Legrand and Mayewski, 1997; Wolff et al., 1995 Wolff et al., , 2008 . Reactive nitrogen could potentially provide insight into the oxidizing capacity of the planet's past atmosphere. For example, as in today's atmosphere, reactive nitrogen is believed to have played a major role in prehistoric times in maintaining the levels of both OH and O 3 , two of the most important atmospheric oxidizing agents [Finlayson-Pitts and Pitts, 2000, and references therein] .
[4] Although emissions of reactive nitrogen in the form of NO x (NO + NO 2 ) have been reported at several polar sites [Beine et al., 2002a [Beine et al., , 2002b Davis et al., 2001 Davis et al., , 2004 Davis et al., , 2008 Honrath et al., 1999 Honrath et al., , 2000a Honrath et al., , 2000b Jones et al., 2000; Ridley et al., 2000] , nowhere has it resulted in such largescale atmospheric perturbations as seen at SP, Antarctica [Chen et al., 2001 [Chen et al., , 2004 Crawford et al., 2001; Davis et al., 2001 Davis et al., , 2004 Davis et al., , 2008 Helmig et al., 2008a Helmig et al., , 2008b Mauldin et al., 2001 Mauldin et al., , 2004 Wang et al., 2008] . Representative of these perturbations, during the Investigation of Sulfur Chemistry in the Antarctic Troposphere (ISCAT) studies in 1998 and 2000, NO concentrations ranging from 10 to 600 pptv were observed. As a result, net photochemical production of ozone was a common chemical occurrence in the nearsurface atmosphere [Crawford et al., 2001; Helmig et al., 2008a; Johnson et al., 2008; Oltmans et al., 2008] . Highly elevated OH levels were also measured throughout the austral late spring/summer period [Mauldin et al., 2001 [Mauldin et al., , 2004 [Mauldin et al., , 2009 . Similar to the findings at other polar sites [Honrath et al., 1999 [Honrath et al., , 2000a [Honrath et al., , 2000b Jones et al., 2000] , SP studies have shown that photodenitrification of surface snow containing nitrate is the dominant source of NO x . Making the argument that this same phenomenon is common to the more expansive plateau region, however, has been difficult to justify. One of the compelling counterarguments has been that SP defines an extremely small area in comparison to the plateau, a region approximately the size of the continental United States. In addition, SP is geographically situated near the western edge of the plateau and lacks a diurnal solar heating cycle. Farther north, greatly enhanced daytime mixing could prevent the accumulation of NO x in shallow boundary layers.
[5] During the 2003 Antarctic Tropospheric Chemical Investigation (ANTCI), aircraft observations of NO and NO y extended the SP sampling footprint out to distances of ∼400 km . Although representing a significant step forward, these limited measurements still left many questions about the areal extent of this new chemistry unanswered. This paper focuses on the Antarctic airborne observations recorded during the austral spring/ summer of 2005 (ANTCI 2005) . The primary objective of this program was to greatly extend substantially the areal observations of NO and chemically related species, using the Twin Otter aircraft as a sampling platform. More specifically, it was designed to reach geographical regions of the plateau far removed from SP, especially those at higher elevations and at significantly different latitudes. A critical component of this objective was to compare these new observations with those recorded at SP to determine the degree of chemical commonality between these different sites. Given that SP studies have shown that the planetary boundary layer (PBL) depth can play a significant role in dictating NO x levels, a major effort was also made in this study to characterize the meteorological environment along all aircraft flight paths. This involved using a combination of aircraft-generated temperature profiles, satellite data, modeling products, and remote-site surface observations on the plateau. A secondary objective was to explore further the chemical relationships between NO x and other labile species measured, including O 3 , HNO 3 , HO 2 NO 2 , SO 2 , and H 2 SO 4.
Sampling Platform, Measurement Techniques, and Modeling
[6] The DHC-6 Twin Otter aircraft used in the ANTCI 2005 field study had a working radar altitude range (i.e., altitude above snow surface) of 15-1000 m while operating on the plateau. Approximately 50% of the plateau data were collected below 150 m, 74% were collected below 500 m, and 95% were collected below 1000 m. This vertical sampling range is similar to that in ANTCI 2003 ; however, a larger fraction of the flights were below 500 m in the 2003 study. The horizontal range of the aircraft during ANTCI 2005 was greatly extended over that in 2003, primarily by establishing refueling sites between the point of departure and the final destination. For example, two refueling stops were required during flight 5 (i.e., McMurdo to SP). During flight 7, there were three refuelings. Details regarding each of the individual flights are reported in Table 2 and in section 3.
[7] Chemical species measured during this study and the techniques employed for their measurement are listed in Table 1 . For the species NO, O 3 , HNO 3 , HO 2 NO 2 , SO 2 , methanesulfonic acid, and H 2 SO 4 , measurements were submitted to the data archive with 1 min resolution. Grab samples of several other species were collected via stainless steel canisters and later analyzed. The number of grab samples collected per flight varied but typically ranged from 15 to 30. Species measured in this mode included dimethyl sulfide (DMS), carbonyl sulfide, CO, nonmethane hydrocarbons, and several halocarbons. In addition to the above chemical parameters, the basic aircraft parameters air speed, latitude, longitude, radar altitude, geometric altitude, laser altitude, temperature, and water vapor were recorded. Spectroradiometric data were also recorded for the purpose of evaluating photochemical rate constants during each flight.
Observations

Overview of ANTCI 2005 Plateau Flight Program
[8] As stated earlier, the primary aim of this paper is to provide a detailed analysis of the airborne field data generated during the ANTCI 2005 study. More specifically, the focus is the data set generated while sampling the plateau. As shown in Figure 1 plateau sampling occurred during all or segments of five flights: 5, 6, 7, 10, and 12. Flights 5-7 were more interior oriented, while flights 10 and 12 tended toward the edges of the plateau, representing areas that might have been influenced by marine inflow. While this set of 5 flights is the main focus of this paper, all 12 ANTCI flights contributed to the development of an overall picture of the plateau's atmospheric chemical environment. For example, flights 4, 9, and 11 provided a contrast of plateau conditions versus those found over coastal environments. Flights 1 and 2 were configured to reveal in greater detail how plateau-generated NO x is exported to coastal areas via glacial outflow. Finally, flights 8 and 9 were designed to investigate further the degree to which Mount Erebus volcanic emissions influence trace gas levels on the plateau.
[9] In assessing which segments from each flight to use in the final data analysis, latitude, longitude, and elevation were the most critical parameters. Reflecting this filtering scheme, Figure 1 shows the 2000 m elevation contour line used as a guide in defining the dimensions of the plateau. A final filtering exercise was deemed necessary to eliminate individual measurements that might have been contaminated by aircraft engine exhaust. Overall, less than 2% of the recorded database was removed because of this problem.
[10] The time period covered by flights 5-12 was 2-13 December 2005. McMurdo Station was the primary base of operation, though the SP Station also served as the launching point for flights 6 and 7. A brief description of the objectives for flights 5-7, 10, and 12, as well as other ANTCI flights, is given in Table 2 . (Note that although flight 3 is also listed in Table 2 as having a plateau sampling objective, most of these data had to be rejected because of instrument problems.) The eight fixed geographical sites shown in Figure 1 ( 
Meteorological Setting and Observations
[11] Past studies at SP Neff et al., 2008] and Concordia [Legrand et al., 2009] have shown that near-surface chemical concentrations depend significantly on boundary layer meteorological conditions, particularly PBL depth. However, meteorological data over broad reaches of the plateau are very limited. In fact, detailed boundary layer studies focused on the Antarctic plateau have been confined to three widely separated stations: Amundsen-Scott SP Station (SP; 90°S), Concordia Station/ Dome C (Concordia; 75°S, 123°E), and Kohnen Station (Kohnen; 77°S, 0°E). Thus, the interpretation of the aircraft data in this study depends on these limited fixed-site data sources and on a combination of meteorological conceptual models of boundary layer flows and recently advanced numerical models.
[12] The conceptual model for surface winds in Antarctica has been dominated over the years by the assumption that these winds are primarily katabatic in origin. Katabatic winds, also referred to as slope winds, arise when a temperature inversion forms over a sloping surface, usually under clear sky conditions. In this model the speed of the wind depends directly on the inversion strength and surface slope, but its direction is modified by the Coriolis effect and friction. However, in the 1970s it was found in experiments at SP that katabatic flows over the interior are also modulated by large-scale weather patterns so that light-wind/ strong-temperature inversion conditions, which would tend to lead to shallow boundary layers, occur only intermittently as reported by Neff [1999] . Such modified katabatic conditions with light surface winds typically alternate (e.g., days to weeks) with periods of high winds, warmer temperatures, and overcast skies. Under the latter conditions, weaker/ deeper inversions are formed as the warm air adjusts to the colder snow surface. Thus, changing large-scale weather patterns can provide one of the components necessary to explain the continually shifting chemical environments experienced at SP and other sites on the plateau.
[13] As shown in Figure 1 the ANTCI flight paths for flights 5-7 lie over the portion of the plateau that is between SP and Concordia. During the time period covered by these flights the only routine rawinsonde soundings on the plateau were those from SP and Concordia. Complementing these continuously operating stations, however, were the automatic weather stations (AWS) at Concordia (i.e., University of Wisconsin: http://uwamrc.ssec.wisc.edu/index.html), Dome A (80.4°S, 77.5°E; operated jointly by China and the Australian Antarctic Division: http://www.aad.gov.au), and Midpoint (75°S, 145°E; Programma Nazionale di Ricerche in Antarctide (PNRA): http://www.climantartide.it). Between these fixed points no meteorological data were available. Consequently, within the limitations defined by the 1 min averaging of the aircraft data, the resulting profiles for NO along with temperature provided the only direct estimate of PBL depth and inversion strength. These estimates, in turn, provided the basis for a comparison with numerical model predicted values. (Note that since the ascent/descent rate of the aircraft varied from 10 to 50 m/min, the temperature data were averaged to 1 min to be commensurate with the averaging time required for the NO observations.) [14] As one indication of the surface meteorological conditions most likely encountered during ANTCI flights, Figure 2 summarizes conditions on the high plateau as reported by different AWS located near the southern and northern extremes of the ANTCI 2005 flight tracks (i.e., SP, Concordia, Dome A, and Midpoint). While both SP and Midpoint (Figures 2a and 2b) show relatively high winds during flights 5-7 and 10, Concordia (Dome C) and Dome A (Figures 2c and 2d) show much lighter winds. Figure 2 also reveals that diurnal cycling in both temperature and wind speed is evident at Dome A, Concordia, and Midpoint. At Concordia the day-to-night range in temperature is 10°-15°C. At Dome A the diurnal cycle is weaker, but the site is located farther south and at a higher elevation. Midpoint, although at about the same latitude as Concordia, also appears to have a much smaller diurnal temperature cycle during this period. This suggests that latitude alone may not govern the magnitude of the diurnal temperature cycle and, by inference, the development of a convective boundary layer (BL). In contrast, at SP only longer-term synoptically driven changes of 15°C are evident.
[15] During the first series of flights, from 1 to 5 December (flights 5-7), an upper-level high-pressure ridge had entered the continent from the Indian Ocean, leading to disturbed conditions with high winds at SP (>6 m/s) and rapidly increasing temperatures at Concordia and, later, at SP ( Figure 2 ). Of note, however, is the fact that during the period of high winds at SP, winds at both Concordia and Dome A were rather light. This suggests that a significant variation in surface wind speed occurred along the flight path between these two greatly separated sites, leading to the strong possibility that one might find significantly different chemical environments across the plateau. Normally, highpressure regions are characterized by subsiding air, which would be consistent with the lowering of the PBL depth at Concordia over the time period of 2-3 December. A rather limited set of sodar profiles from Concordia on 2 December does show a PBL depth of ∼180 m around local noon; however, by 3 December the daytime depth had dropped to ∼90 m (S. Argentini, PNRA, personal communication, 2008) . Thus, this large-scale meteorological condition of sinking motion may have compensated for the effect of daytime heating and led to a shallower BL.
[16] Further information on meteorological conditions was also obtained from Moderate Resolution Imaging Spectroradiometer (MODIS) satellite imagery (http://modis. gsfc.nasa.gov/) and the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis [Kalnay et al., 1996] as shown in Figure 3 . In Figure 3a the NASA/MODIS cloud product shows partly cloudy to clear conditions as flight 7 approached Vostok. At the start of the flight (not shown) clouds extended from SP to 87°S, which corresponds to the latitude at which the Twin Otter first descended into the BL. North of 87°S, skies were generally clear. In Figure 3b the NCEP/NCAR reanalysis surface data (available at http://www.esrl.noaa.gov/psd/) also show a pattern of light winds over higher elevations of the plateau, with much stronger winds occurring over the Transantarctic Mountains along the Ross Sea. It should be noted that the reanalysis winds in the vicinity of Concordia agree well with the AWS winds shown in Figure 2 .
[17] Warming events as shown in Figure 2 also have been noted in the past in conjunction with the advection of significant moisture well into the continent and over the high plateau [Sinclair, 1981; van As et al., 2007] . In fact, during the period 1-12 December SP saw one of the highest temperatures on record (e.g., −13.9°C on 12 December), compared to a median value of −30.1°C over the period 1-14 December 1958 1-14 December -2008 . Such high temperatures are often associated with increased cloudiness. Historically, for early December the 50 year average cloudiness is 100% when the temperature is higher than −20°C and 70% for temperatures higher than −25°C. These conditions at SP are confirmed here as shown in Figure 4 , which displays selected temperature profiles together with average daily cloud cover, temperature, and winds. In this case, for profiles on 1 and 3 December the temperature inversion is elevated because of high winds. For the period 6-10 December the base of the inversion layer dropped significantly, to about 100 m, rising again and weakening by 13 December, as the sky became almost totally overcast and surface temperatures warmed dramatically, to higher than −15°C. During this same period, light and variable surface winds were prevalent over most of the high plateau ( Figure 3 ) as well as aloft (e.g., ∼1 m/s at 500 hPa on 12-13 December, from rawinsonde data at Concordia).
Meteorological Numerical Modeling Results
[18] Because of the sparse meteorological observations available over Antarctica, the output products from a polar version of the Mesoscale Model version 5 (MM5) [Bromwich et al., 2001; Cassano et al., 2001] were used to gain additional insight into BL behavior over the interior. The use of this model in conjunction with sodar data collected during the 2003 ANTCI field study proved quite useful, resulting in an r 2 correlation coefficient of 0.73 between modeled and observed PBL depth [Wang et al., 2008] . This same model was used to analyze the 2005 data. It has a horizontal spatial resolution of 80 × 80 km 2 and contains 27 vertical layers, reaching an altitude corresponding to 10 hPa. Thirteen of these layers are assigned to the lowest 1 km in an effort to simulate the vertical distribution of trace gases in the BL. The four-dimensional data assimilation is based on the European Centre for Medium-Range Weather Forecasts reanalysis, rawinsonde, and surface observations. Most of the meteorological output data were archived every 30 min. Turbulence statistics, however, were archived every 2.5 min to resolve turbulent transport in the BL. The Eta Mellor-Yamada-Janjic (MYJ) 2.5-order closure scheme was used [Black, 1994] for turbulence calculations.
[19] As shown in Figure 5a model products provided the maximum daily PBL depth over the plateau (e.g., Julian day 346, or 5 December) as well as time series plots (Figure 5b ) of the daily maximum PBL at specific locations (SP, Vostok, Concordia, and Midpoint) covering the months of November and December 2005. As previously noted these locations were closest to the actual flight tracks for flights 7 and 10. Interestingly, the deeper PBL depths shown in Figure 5a tend to be coincident with the higher winds in Figure 3b . The individual time series PBL depth profiles also tend to follow the wind speeds indicated in Figure 2 , with shallower PBLs coincident with lighter winds at Concordia and Dome A and deeper PBLs at SP and Midpoint, where winds were much higher at the time of flights 7 and 10.
Representative Horizontal Data
[20] Flights 7 and 10 were selected for more detailed analysis from the 2005 study for three reasons: (1) they cover distinctly new, previously unsampled geographical areas, for example, the regions between Tamseis and Vostok and lower portions of the plateau near Midpoint; (2) they provide a contrast between SP, which experiences no diurnal PBL trend, and areas that have a distinct diurnal cycle (e.g., Midpoint); and (3) they each provide significant observations of NO at several altitudes over their respective flight tracks. Flight 7 began at SP and included sampling over some of the highest elevations thus far reached on the plateau (i.e., Vostok) before returning to McMurdo. By contrast, flight 10 was focused southeast of McMurdo Station over a lower-elevation region of the plateau (Midpoint) and a region that experienced diurnal cycling as well as possible intrusions of coastal air.
[21] In Figure 6 time series plots for flight 7 show several relevant chemical, meteorological, and geographical parameters. The flight track indicates that after ∼1.5 h of flight time (∼300 km from SP), the aircraft descended from a radar altitude of ∼600 m to one of 25 m and reported NO levels of nearly 200 pptv. On the basis of this and subsequent data recordings, a total of eight cases (A-H; Figure 7 ) have been identified during flight 7 where NO was found to be ≥200 pptv. For each of these cases the chemical-meteorological insights gained from the 2003 SP ANTCI study by Neff et al. [2008] were utilized in estimating the PBL depth. Using this approach, the radar altitude at which the NO concentration dropped to 50% of the level observed at 25 m (or the lowest altitude sampled) formed the basis for defining the PBL. Although not a meteorologically rigorous methodology for defining the PBL depth, this approach always permitted a relative comparison of the different environments experienced along the sampling track. It is quite encouraging, in fact, that NO and temperature can be seen to vary inversely in Figure 7 as the aircraft descends close to the surface.
[22] Figure 7 also shows that for the flight segment from SP to Tamseis, the aircraft descended into the BL and reached a radar altitude of ∼25 m on three separate occasions (A-C). After the first descent, each subsequent drop in altitude reveals an increase in temperature both above and within the BL. However, in each of the latter cases the observed level of NO is comparable to that seen during the first descent (200-300 pptv). The average radar altitude over which NO decreased by 50% was in all cases ∼105 m. The average temperature change over this same height was ∼1.5°C. Figure 3b shows that along this flight segment, wind speeds were generally in excess of 4 m/s. In terms of surface wind speeds and strength of the temperature inversion, NO concentrations found along this flight were consistent with past observations obtained at the SP in previous campaigns .
[23] On the segment from Tamseis to Vostok, Figure 3b shows that the aircraft entered a plateau region characterized by light surface winds typically associated in SP studies with highly elevated NO concentrations. As shown in Figure 7 the aircraft started out flying well within the PBL, but this was followed by four ascents/descents (D-G) later in the flight. Each of these systematically shifted the aircraft to a higher geometric elevation. As a result, Figure 7 shows that cooler temperatures with corresponding higher NO levels were encountered. For ascents/descents D and E, after departure from Tamseis, the average PBL is estimated at 82 m and the vertical temperature change over this altitude range is 2.2°C, suggesting a shallower PBL with a stronger inversion. For descents/ascents F and G, approaching Vostok, the estimated PBL depth is 64 m, and the corresponding temperature change is 3.6°C. During the latter sequence of events the aircraft was continuing to fly toward Vostok, with NO increasing from 300 to 700 pptv. The highest concentration found during this segment was when the aircraft penetrated a PBL depth of ∼40 m. (Note that as shown in Figure 3b Figure 5a .
[24] As presented in Figure 1 the flight track for flight 10 was configured in the form of a triangle, with both the beginning and the ending sites being McMurdo Station. Only two sides of the triangular flight track were positioned over the plateau; therefore, only these two segments are examined further here. The first leg followed a line from 159.5°E at 2345 UT to 145.9°E at 0122 UT, at which point the plane landed at Midpoint to refuel. The second leg began at 0249 UT and followed a line from 145.9°E back to 158.8°E at 0417 UT before crossing back over the Transantarctic Mountains. Meteorologically, at around 1500 UT on 11 December (prior to the initiation of flight 10), winds at Midpoint rotated from an initial downslope direction of 270°a t 2 to 3 m/s to an alongslope direction. By 0400 UT on 12 December they had increased to a speed of 9 m/s. As noted earlier, the model-predicted PBL depth at Midpoint for 12 December (Figure 5b ) is consistent with the much higher AWS wind speed data. Both suggest a PBL depth of 200 m or more at Midpoint at the time of sampling.
[25] Time series plots of chemically relevant species for flight 10 are shown in Figure 8 . The NO measurements during this flight are interesting in that the highest altitudes reached by the aircraft produced some of the lowest concentrations measured, but the lowest altitudes did not systematically reveal high NO levels the way they did in flight 7. Instead, the NO concentrations covered a wide range of values, from very low to modest levels (∼10-90 pptv). The correlation between NO and HNO 3 was also found to be much weaker for flight 10 than for flight 7. In fact, early in the first leg of flight 10, the highest HNO 3 levels (∼100 pptv) were found at some of the highest sampling altitudes. (See section 4.2.3 for further discussion of this sampling period.) The highly variable levels of NO observed throughout flight 10, especially at low altitudes, suggest that the PBL depth during much of this flight was rather deep, in agreement with the above meteorological analysis.
[26] Photolysis frequencies (J NO2 , J O3 ) and temperature are shown in Figures 6 (bottom) and 8 (bottom). (For comparison purposes, the 24 h average J NO2 and J O3 values at SP at the time of the field study were 1.15 × 10 −2 s −1 and 1.24 × 10 −5 s −1 , respectively.) From these it can be seen that the NO 2 photolysis rate was systematically higher in flight 10 than in flight 7. However, J O3 was higher in flight 10 than in flight 7 for only approximately half of the total flight time, being at nearly the same level for the remainder of the sampling period. These results reflect the point made earlier regarding diurnal solar cycling being a significant factor in flight 10 relative to SP and more centrally located sites. Not surprisingly, the air temperature profiles shown for flights 7 and 10 are a reasonably good reflection of the geometric elevation differences between these two flights. In the case of flight 7 the temperature range was −24.3°C to −8.9°C, with an average of −18.2°C. The range for flight 10 was somewhat smaller, −20.0°C to −13.6°C, with an average of −17.2°C.
Vertical Profiles
[27] A useful characteristic of aircraft field sampling is the ability to record data at many different altitudes. This allows for the development of vertical profiles of chemical species, which are especially helpful in distinguishing surface sources from in situ production or long-range transport. In Figure 9 the vertical distributions for several of the more critical trace gases measured during ANTCI 2005 are presented. These include NO (Figure 9a (Figure 9e ), and water vapor (i.e., dew point (Figure 9f) ).
[28] Figures 9a, 9c , and 9d reveal that with the possible exception of flight 10, the nitrogen oxide species NO, HNO 3 , and HO 2 NO 2 all follow a similar trend of decreasing concentration with increasing radar altitude. For flight 10, as mentioned earlier, the average PBL depth was considerably deeper than for the other four flights. In fact, the scatter in the low-altitude NO data makes it difficult even to assign a PBL value from the aircraft data, thus relegating its estimation to the output provided by the polar MM5 (i.e., ≥200 m). Given the latter estimate, it is not surprising that both HNO 3 and HO 2 NO 2 follow a trend similar to that for NO: invariance in concentration levels with increasing altitude. The vertical profiles for ozone (Figure 9b) , with the exception of flight 10, also reveal a general trend of decreasing concentration with increasing radar altitude. Thus, these data are consistent with the altitude trend data previously recorded at SP [Crawford et al., 2001; Helmig et al., 2008a; Johnson et al., 2008] .
[29] Of the six vertical concentration profiles shown in Figure 9 , only the one for SO 2 shows no evidence of an altitudinal trend. Indications are that it is relatively well mixed throughout the lower 1 km of the plateau's atmosphere. The only possible exception to this generalization Figure 8 shows that early in this flight (after reaching the lower edges of the plateau), there is an apparent trend in SO 2 as a function of radar altitude (for further detail see the discussion in section 4.2.3). As stated above, however, the vertical distribution for SO 2 shows little evidence of a local surface source for this species. A similar conclusion can be reached regarding the trace gases CO, ethane, ethyne, and the halocarbon methyl chloroform (see Figure 10) , as none of these shows evidence of a significant vertical trend in concentration.
Discussion
General Overview
[30] As stated earlier the major goal of this study was to determine whether the numerous NO events observed at SP, and the ensuing chemistry, are representative of the larger plateau. The degree to which this was found to be true is the principal topic of discussion in section 4.2. Section 4.3 is devoted to providing the meteorological evidence that further supports these chemical findings.
Comparison of SP Ground-Based Chemical Data With Airborne Results
[31] Although the atmospheric level of NO clearly represents the most important criterion for comparing the SP chemical environment with that found over vast stretches of the plateau, the trends in related chemical species also provide a basis for quantitative comparison. For this reason, the concentrations of HNO 3 , HO 2 NO 2 , and O 3 are also explored below.
NO
[32] A summary of median values for NO recorded in different years is presented in Table 3 . The airborne data there are given for three altitude ranges, while those recorded at SP are for a sampling elevation ∼10 m above the snow's surface. Also provided in Table 3 are median concentrations of chemically coupled species such as HNO 3 , HO 2 NO 2 , and O 3 as well as the levels of several noncoupled species. In each case, the data are those recorded over the calendar period of 1-15 December, thus overlapping the sampling period for ANTCI flights 5-7, 10, and 12. SP results from the year 1998 are listed first in Table 3 [33] From Table 3 it can be seen that SP NO median values for the years 1998, 2000, 2003, and 2006 are 209, 82, 164 , and 149 pptv, respectively. The near-surface median NO level for the limited 2003 airborne results (not listed in Table 3 ) was 250 pptv, a value that exceeds the highest median estimated for SP. For comparison, the near-surface 2005 airborne data (i.e., data recorded between 0 and 50 m) show a median value of 95 pptv. However, if the observa- tions from flight 10 are removed, the airborne median increases to 140 pptv. (Recall that the estimated PBL depths encountered during flight 10 were quite deep.) Thus, given the natural year-to-year variability in NO, these results make the case that the airborne data are generally consistent with those recorded at SP. More specifically, they suggest that highly elevated levels of NO are a common feature of large areas of the plateau during the austral spring/summer time period. Speculation here is that this is very likely a common chemical characteristic over the entire plateau region as defined in Figure 1 .
[34] The ANTCI 2005 data shown in Figure 9 also support the conclusion that the source of NO is snow photochemistry. In particular, Figure 9 shows a systematic decrease in NO as a function of altitude, a trend that would be expected if NO x were being photochemically released from the surface snow layer. This same trend has also been reported for the SP site on several occasions [see, e.g., Davis et al., 2004 Davis et al., , 2008 Helmig et al., 2008b; Neff et al., 2008; Oncley et al., 2004] 
From these it follows that each time an NO molecule is converted to NO 2 via (R2), a corresponding O 3 molecule must also be produced via (R3) and (R4). When this rate exceeds the rate of photochemical destruction of O 3 , a prevalent summertime plateau condition, net photochemical production of O 3 results [Chen et al., 2004; Crawford et al., 2001; Helmig et al., 2008a] . Because the cycling time for these reactions is on the order of minutes, the expectation is that the concentration trends in NO should be mirrored in O 3 . However, as reported in Table 3 the SP data for NO and O 3 show little evidence of this trend. A comparison of the levels of NO and O 3 in the time series plot for flight 7 (e.g., Figure 6 ; 0100-0200 and 0400-0430 UT), as well as those shown for NO and O 3 in the vertical profile plots in Figures 9a and 9b , is far more encouraging. In both cases, there is a general trend of elevated O 3 levels coincident with elevated NO levels. The fact that the level of correspondence between the two species is not greater is primarily a reflection of the difference in their respective lifetimes. Under plateau conditions O 3 has a lifetime of months versus <1 day for NO x . Thus, even though both have sinks in the atmosphere, the much longer lifetime of O 3 means that it can also be modulated by atmospheric transport processes, thereby somewhat masking its local photochemical production. The latter impact is accentuated in the statistically massaged SP data reported in Table 3 .
[36] An interesting consequence of the plateau O 3 chemistry cited above is that in one of the most pristine areas of the world, local photochemistry is a major source of O 3 during the spring/summer months. This conclusion was first drawn from the SP study carried out in 1998 as reported by Crawford et al. [2001] . More recently, these earlier results have been greatly expanded on in studies reported by Helmig et al. [2008a] and Oltmans et al. [2008] at SP and by Legrand et al. [2009] at Concordia, Antarctica.
[37] Both HNO 3 and HO 2 NO 2 share a common chemical characteristic with O 3 in that their production requires that NO first be oxidized to NO 2 . This process is followed by (R5) and (R6):
Since the times for conversion of NO to NO 2 (minutes) and for oxidation of NO 2 to HNO 3 or HO 2 NO 2 (7-20 h) are relatively short, the degree of correspondence between these end products and NO might again be expected to be relatively high, provided that their removal times are also relatively short. However, unlike O 3 , the removal process for these two species is more complex. Evaluating their lifetimes requires reliable values for the surface scavenging efficiencies and the rate at which these species are transported to the snow surface. There are presently significant uncertainties in both. Close to the snow's surface (i.e., within several meters), physical scavenging has been estimated to occur with high efficiency, resulting in lifetimes as short as 0.5 days [Slusher et al., 2002] . However, transport times to the surface are a strong function of atmospheric stability. Therefore, the mixing time within the PBL is a critical factor in defining the lifetimes of HNO 3 and HO 2 NO 2 [Wang et al., 2008] . The greater the distance from the snow's surface, the longer the expected lifetime with respect to deposition. It follows that the lifetimes for these species can be significantly enhanced above the PBL. In the case of HNO 3 , its lifetime will nearly always exceed that for NO x . Under these conditions, HNO 3 levels will also tend to be influenced by transport processes.
[38] Adding complexity to the determination of the lifetime of HO 2 NO 2 is the additional removal of this species from the atmosphere by both photochemical processes and thermal dissociation Jiménez et al., 2004 Jiménez et al., , 2005 . Though the uncertainties associated with these two loss processes are sizable, their impact is still that of reducing further the lifetime of HO 2 NO 2 . Thus, this species should also reveal a significant correlation with NO.
[39] The ISCAT data set in Table 3 provides an opportunity to examine the degree of correlation between HNO 3 and NO at SP. Unfortunately, the first HNO 3 measurements in the year 2000 were made only during the last 2 weeks of December. Though lacking statistical rigor, a comparison of NO with HNO 3 was still undertaken after establishing that the median NO value for weeks 1 and 2 of December was essentially the same as that for weeks 3 and 4, i.e., 82 and 88 pptv, respectively [Eisele et al., 2008] . As a result, it was assumed that the median level of HNO 3 for weeks 1 and 2 was most likely similar to the value estimated from weeks 3 and 4. With this approximation the year 2000 final median concentrations for HNO 3 and NO are reported as 18 and 82 pptv, respectively. These can be compared to the 2003 SP medians of 63 and 164 pptv, respectively. Collectively, these SP results support the idea that HNO 3 is chemically coupled to NO as previously reported by Davis et al. [2008] based on a more rigorous statistical analysis of higherresolution data. However, the more relevant question is how consistent these SP results are with those recorded during the ANTCI 2005 airborne study.
[40] As discussed above, an important aspect of the airborne data is the fact that once a radar altitude of a few tens of meters is exceeded (e.g., when above the PBL), the lifetime of HNO 3 can be significantly extended. More specifically, it becomes a strong function of both the PBL depth and the mixing rate of the atmosphere. For the altitude range 0-50 m, Table 3 shows that the 2005 airborne data result in a median concentration of 95 pptv for NO, whereas that for HNO 3 is 120 pptv. Removal of flight 10 data based on the earlier discussion of the uniqueness of this flight, however, shifts the NO median up to 140 pptv, with only a small increase in HNO 3 . Concentrations of both species are also elevated in the 51-150 m (90 pptv NO, 140 pptv HNO 3 ) and 151-500 m (30 pptv NO, 64 pptv HNO 3 ) altitude bins. For these higher-altitude bins (frequently above the PBL), the enhanced lifetime of HNO 3 versus that of NO x is apparent.
[41] Yet another method of assessing the degree of chemical coupling between HNO 3 and NO is provided by the real-time flight data. This can be seen in the concentration-versus-altitude plots in Figures 9a and 9c . In these plots the general trend in both NO and HNO 3 is clearly one of decreasing concentration with increasing altitude, as would be expected if the two species are chemically coupled and both are reasonably short-lived. The minute-by-minute airborne data shown in Figure 6 are equally convincing. There the correlation between NO and HNO 3 resulted in r 2 = 0.5, which is one of the highest values for any two airborne chemical variables tested.
[42] Turning to the species HO 2 NO 2 , it can be expected that with a lifetime shorter than that of HNO 3 this would result in an increasing HNO 3 :HO 2 NO 2 ratio with increasing altitude. This point is illustrated in Table 3 , where the ratio is ∼2:1 for the altitude bin of 0-50 m and closer to 3:1 for the 51-150 and 150-500 m bins. By analogy, the HO 2 NO 2 data also support the idea that there is strong chemical coupling with NO, as first demonstrated in the ground-based 2003 SP study .
Other Species
[43] As reported in Table 3 and in Figure 10 , for those species having no known chemical pathway coupling them to NO, no evidence suggesting otherwise was found in the ANTCI 2005 data. This also was found to be the case for data previously collected at SP. Species falling into this category include SO 2 , CO, CH 3 CCl 3 , C 2 H 6 , and C 2 H 2 .
However, when the comparison species is switched from NO to HNO 3 , an exception appears. The exception involves SO 2 recorded during flight 10, as shown in the time series plot in Figure 8 . From 0015 to 0120 UT, r 2 = 0.72 for the correlation between SO 2 and HNO 3 . For all other chemical data collected over the plateau during the 2005 study, no correlation was found. The latter finding also holds true for data collected over nearly all coastal sites, the one exception being those flights focused on the Mount Erebus volcanic plume (flights 8 and 9).
[44] During flights 8 and 9, which sampled the Mount Erebus plume, the r 2 correlation between SO 2 and HNO 3 reached 0.9 [Oppenheimer et al., 2010] . Supporting this trend in SO 2 , Figure 8 also shows a limited set of observations of the SO 2 oxidation product H 2 SO 4 . These data clearly track the profile of SO 2 early in the flight. However, in an effort to provide additional evidence relating the flight 10 observations to Mount Erebus emissions, forward air trajectory analyses were performed using the output from the previously discussed polar MM5. The results strongly suggest that the atmospheric chemical composition observed in the early stages of flight 10 was influenced by the Mount Erebus plume. Since this volcano is approximately 600 km WSW of the point of sampling, we estimate that the plume was likely airborne for 3 to 4 days before being intercepted by the Twin Otter. This Erebus plume encounter over the plateau appears to be one of the first recorded cases where both HNO 3 and SO 2 have been measured simultaneously. Thus, it defines an important new piece of evidence pointing toward the impact of Mt. Erebus emissions on trace chemicals in Antarctic plateau snow. (For further details regarding the Mount Erebus volcano study, see Oppenheimer et al. [2010] .)
[45] The ANTCI 2005 data also provide insight into the issue of DMS as a potential source of plateau SO 2 . At very low temperatures DMS is oxidized by either OH or BrO to form predominantly the intermediate species dimethylsulfoxide (DMSO), which under low aerosol conditions typically forms SO 2 . During the ANTCI plateau flights the measured levels of DMS were extremely low at all altitudes. Most measurements, in fact, were at or below the detection limit of 1 pptv. Considering the large amounts of DMS that are typically emitted into the atmosphere each spring/summer season from coastal waters surrounding Antarctica, this suggests that most SO 2 reaching the plateau is formed close to its ocean source. The possibility of some contribution from still more distant sources, however, cannot be totally excluded.
Vertical Mixing: Effects of Latitude and Topography on Chemical Distributions
[46] The earlier analysis of meteorological and aircraft observations, particularly during flight 7, paints a relatively consistent picture of PBL depths that were largely controlled by meteorological conditions, particularly as influenced by wind speed and location on the plateau. In the absence of disturbed weather conditions, PBL depths and NO concentrations were found to be similar to those previously observed at SP. In particular, clear skies and light wind speeds were coincident with shallow PBLs (e.g., flight 7, Tamseis to Vostok), where values of NO exceeding 300 pptv were typically found at altitudes below 40 m. These values are comparable to some of the higher values recorded in past field studies carried out at SP. The shallow PBLs inferred from the aircraft profiles were also confirmed in model calculations.
[47] Shallow, katabatic winds, as described by Neff et al. [2008] , can also play a key role in confining snow emissions close to the surface. An aspect of these katabatic flows important to the generation of high NO concentrations is the presence of a low-level wind speed maximum that is some tens of meters above the surface yet moving at high speeds. This condition tends to confine surface emissions below the height at which the maximum speed occurs. Thus, an important question that has surfaced during this study is how to assign the relative importance of katabatic winds and diurnal cycling effects on the PBL depth northward from SP. Past BL studies at SP, Concordia, and Kohnen shed some light on this question. For example, in contrast to the shallow PBLs typically found at SP, the presence of solar cycling at Concordia appears to produce significant diurnal changes in the PBL [Legrand et al., 2009] . At night a shallow inversion develops, but during daylight hours the PBL can increase to several hundred meters as driven by sensible heating [King et al., 2006] . As noted earlier, sodar data from Concordia on 2-3 December 2005 were consistent with the predictions of King et al. [2006] in that significant mixing was observed but may have been reduced somewhat by a large-scale sinking motion associated with a high-pressure ridge aloft. Similarly, limited summertime results from Kohnen Station, at approximately the same latitude as Concordia (see Figure 1 ), reveal little evidence of deep mixing, a typical PBL depth being ∼70 m. A partial answer to this riddle seems to be that even though both experience diurnal cycles, the persistence into daytime of a nocturnal low-level katabatic jet associated with the local topography at Kohnen significantly reduces an otherwise deeply mixed BL that would normally develop from diurnal heating. In fact, the latter behavior has even been simulated with a high-resolution, one-dimensional numerical model [van As et al., 2006 [van As et al., , 2007 . Thus, these results suggest that in katabatic regions away from SP, such as those probed during flights 5-7, the development of a convective BL can be inhibited compared to that on elevated domes like Concordia. A detailed probing of the BL during flight 7 (Figure 7 ) supports this conclusion in revealing that even under clear sky conditions (Figure 3b ), very shallow PBLs, similar to those at SP, can develop despite the presence of a solar diurnal cycle. These results suggest, then, that factors other than Sun angle and wind speed can influence the daily course of temperature and vertical mixing and are worthy of future study.
[48] A final element of this investigation of factors that influence PBL depths involves sampling efforts on the fringes of the plateau, where both topography and possible intrusions of marine air might be significant. The airborne 2005 data clearly show systematically higher levels of NO, as well as O 3 , in the interior regions of the plateau than near the fringes. For flights 10 and 12, in particular, the areas sampled experienced higher Sun angles and also were closer to the coast. As discussed earlier, the time series plot for NO during flight 10 (Figure 8 ) clearly shows much lower average values for NO and also reveals far greater variability in levels, particularly during sampling at low altitudes. Although the limited sampling time in these fringe areas could be presenting an atypical picture, speculation here is that the results reflect diurnal cycling effects in combination with more variable wind directions and transport paths into these areas.
Summary and Conclusions
[49] Based on flight path coverage which involved approximately 8000 km of plateau terrain, we estimate that between the ANTCI 2003 and the ANTCI 2005 airborne studies, the area sampled was somewhat less than 1% of the plateau. Similarly, the total time of sampling represents less than 4% of that encompassed by the austral spring/summer seasons. Hence, a legitimate question that can be asked is: how representative are the reported findings of plateau chemistry for the Austral spring/summer months? Clearly, the ANTCI airborne data set provides but a chemical snapshot of a small subregion of the plateau. Even given the large-scale meteorological analysis performed for the study period, the uniformity of different regions of the plateau, and the use of modeling products, optimistically no more than perhaps 20% of the plateau has been characterized. In spite of this limitation, the finding that there exists a reasonably high consistency between these observations and those recorded earlier at SP, it can be stated with relatively high confidence that the near-surface atmosphere over the plateau areas sampled is more like SP than unlike it. A notable exception to this conclusion involves the flight segments over fringe areas of the plateau (flights 10 and 12), which may have been influenced by inflow of marine air or other factors.
[50] Given these caveats, the findings from this study strongly suggest that the older chemical view of the plateau environment as simply providing a chemical graveyard for trace atmospheric constituents is in need of updating. The new chemical paradigm should not reject the graveyard characteristic, but rather add a major new component to it. This new dimension relates to the chemistry that occurs during the austral spring/summer time period. During this period the Antarctic plateau's shallow atmospheric BL routinely contains highly elevated concentrations of nitrogen oxides. As a result, large enhancements in the levels of reactive oxidizing species such as OH are also present. In simple chemical terms it means that this redefined atmosphere has the potential to chemically modify species before their deposition to the snow's surface, DMS being one such example. The available chemical evidence even suggests that this accelerated chemical activity extends below the uppermost layers of snow, in some cases modifying species even after their burial. The photodenitrification process involving the nitrate ion represents but one example of this.
[51] However, even with the above-cited advanced view of plateau chemistry, there still remain major unresolved issues. Among the most urgent is the uncertainty that persists regarding the plateau's surface NO x emission flux. Unlike other polar sites, the plateau displays extraordinarily high peak values of NO, in some cases reaching >1 ppbv. Equally significant, the time frame over which sudden concentration shifts can occur is frequently as short as 0.5 days. Our current understanding of polar meteorology and photochemistry in a great many cases is unable to explain quantitatively these excessively high levels and the short time periods for the transition. Complicating this issue further is the uncertainty associated with our understanding of plateau HO x -NO x chemistry. For example, under plateau conditions the most recently developed polar chemical models predict that this highly nonlinear chemical system should lead to steady increases in the atmospheric lifetime of NO x with increasing NO x concentrations. In this scenario a given parcel of air can accommodate ever-increasing levels of NO x . Reflecting these modeling uncertainties, significant discrepancies still surface when comparing observations of HO x radical levels with those predicted. This suggests that current model mechanisms may not be representative of all major sources and sinks of one of the most critical species in the plateau's atmosphere.
[52] On a larger scale, there remains the very important and longstanding mystery regarding the sources of primary nitrogen to the plateau. Although this issue has been pursued for more than 30 years and numerous hypotheses have been put forth, no convincing answer has yet been found. As a result, we are still unable to use ice core nitrogen proxy data to make useful predictions regarding the oxidizing capacity of the planet's past atmosphere. Regarding this research team's efforts and those of many other investigators over the past 10 years, we still cannot say with great confidence how representative the latest chemical picture is of the larger plateau. Considering the small fraction of the plateau that has now been sampled, it indeed would be surprising if the vast unsampled regions produced no new scientific surprises. For example, we now know that fringe areas of the plateau can look very different from inland areas, but we still do not know if this is true for all fringe areas of the plateau. Some regions of the plateau also appear to be coupled to glacial valleys and thus potentially represent a significant source of NO x to coastal areas (unpublished results). So far, however, only 2 such areas out of 50 or more have been investigated. On a different front, it is thought by some researchers that the highest elevations on the plateau (∼20% of the total surface area) could be the single largest source of NO x emissions. Currently, however, the only observations that address this issue are the limited ones near Vostok presented in this study. Finally, there continues to be considerable uncertainty regarding the extent to which shifts in latitude (sun angle effects) influence plateau surface emission rates and the resulting vertical distributions of NO x .
[53] Clearly, more detailed long-term chemical and meteorological plateau observations are needed. Although many of these might be carried out at SP, it will be critical that new sites such as Concordia [see, e.g., Legrand et al., 2009] , Vostok, Kohnen, Dome A, and Dome Fuji are examined. Additional aircraft studies will be needed to augment these fixed-site investigations. In particular, aircraft studies need to be designed to explore the large areas of the plateau that have no permanent measurement sites.
